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Abstract 
Porcelain fracture at the interface between metal and porcelain is one of the most common clinical failures. For the clinical 
longevity, metal-ceramic prostheses must have satisfactory bond strength of the metal structure to porcelain. In this in-vitro study, 
to evaluate the effect of mechanical texturing of cast metal alloy for the interfacial bonding strength, sandblasting with Al2O3 and 
laser surface texturing in two different metal alloys were compared. To fabricate cast specimens, Ni-Cr and Ni-Cr-Ti alloy were 
casted with 25 x 0.5 x 3mm bar.  Before porcelain application, 5 specimens of cast Ni-Cr alloy and 5 specimens of cast Ni-Cr-Ti 
alloy were abraded at 3-4 bar air pressure, using 50ȝm aluminium oxide particles for 10s at 10 cm distance.  Other each 5 
specimens of cast Ni-Cr alloy and Ni-Cr-Ti alloy were treated with laser surface texturing. The laser work was done with 
femtosecond laser. After surface treatment, surface morphology was observed under optical photographs and FE-SEM.  Surface 
roughness and wettability were examined. All specimens were followed by application of opaque and body porcelain layers by 
recommendation of manufacturer. For the three point bending test, porcelain was added to the metal specimens to the dimension 
of 8 x 3 x 1mm in the central portion of each metal specimen. The device, containing the metal-ceramic specimen, was placed on 
a universal testing machine and loaded at cross head speed of 1.50mm/min until fracture of the specimen occurred.  The failure 
load was recorded in a computer using software provided by the manufacturer of the testing machine. After the bonding test, FE-
SEM was used to examine the fracture site and interface between textured metal alloys and porcelain. 
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1. Introduction 
The conventional metal-ceramic restoration has been widely used in dental prosthetic field. The advantages of 
metal-ceramic restorations are aesthetic characteristics of porcelain with the strength, toughness, easy to casting 
and marginal fitness of a metal substructure. In spite of those advantages, the clinical longevity of the metal-
ceramic restoration depends on the formation of a strong bond between porcelain and metal that can withstand 
stresses common in the oral cavity.  The bonding of porcelain to a metal alloy is achieved by several factors such 
as chemical bonding, mechanical bonding, van der Waals forces, and a slight mismatching in coefficient of thermal 
expansion between porcelain and metal [1].  Among those factors, a mechanical bonding depended on the surface 
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roughness of the metal casting alloy. Therefore, interfacial bonding strength should be changed by the surface 
treatment of the casting alloy before porcelain application. To improve the mechanical bonding between metal and 
porcelain, several methods had been introduced. Those methods includes sandblasting with airborne particles [2], 
acid etching [2], application of a bonding agent [3], laser sintering [4], and laser surface texturing etc. Among those 
methods, laser surface texturing (LST) is a surface treatment which makes easier control of micro-topography and 
provides more stable surface morphology [5]. Recently, with advantages of ultrafast laser techniques, 
femtosecond(FS) lasers have become an advanced approach due to clean, fast and high precision processing [6-10]. 
In addition, FS laser provides considerable advantages for the negligible heat condition and hole formation in 
comparison with nanosecond lasers [11,12]. The aim of this study was to evaluate interfacial bonding strength 
between metal and porcelain by sandblasting with Al2O3 and FS laser surface texturing in Ni-Cr alloy and Ni-Cr-Ti 
alloy. 
 
2. Experimental conditions  
2.1.   Preparation of specimens 
 
The Ni-Cr (Verabond, Albadent, U.S.A) and Ni-Cr-Ti(Tilite, Talladium, U.S.A)base metal alloys selected for this 
study. The cast Ni-Cr and Ni-Cr-Ti specimens were surface treated with Al2O3 sandblasting or laser texturing (Table 
1). To prepare the same sized 20 specimens, wax pattern were fabricated with aluminium mould. All of specimens 
were cast with phosphate-bonded investment using a centrifugal casting machine. The burn out schedules for the 
investment materials and casting procedures follow the manufacturer’s instructions. After casting, the casting 
moulds were bench-cooled to room temperature. 20 specimens were sequentially polished with 500-, 600-, and 
1000-grit silicon carbide papers to achieve the final dimension of 25 x 0.5 x 3mm as required by the International 
Standard Organization (ISO-9693) for the three point bending test. The each 10 specimens of cast Ni-Cr and cast 
Ni-Cr-Ti were divided 2 subgroups of 5 each to receive different treatment. Before porcelain application, 5 
specimens of cast Ni-Cr alloy and 5 specimens of cast Ni-Cr-Ti alloy were abraded with 50țm Al203 at air pressure 
of 3-4 bar and cleaned with water steam spray. Another 5 specimens of cast Ni-Cr alloy and 5 specimens of cast Ni-
Cr-Ti alloy were treated with laser surface texturing. For laser surface texturing, we used an amplified Ti: sapphire 
laser system that generates 184 FS laser pulses with the pulse energy over 20 mJ/s at 1 kHz repetition rate with a 
central wavelength of 785 nm. It obtained a surface with uniform holes about 20 țm and pattern width about 50 țm 
by scan speed of 60 mm/s. After surface treatment of all specimens, application of the opaque and body porcelain 
layers followed recommendations of the manufacturer. Low-fusing porcelain (Ceramco3,  Dentsply Ceramco, U.S.A) 
was used in this study. Porcelain was added to the metal specimens to the dimension of 8 x 3 x 1 mm in the central 
portion of each metal specimen, according to the ISO 9693 specifications [13]( Fig .1 ). The entire process followed 
the manufacturer’s instructions.  After application of 2 uniform coats of opaque porcelain on the porcelain bearing 
area, the body porcelain was formed on the opaque layer and fired at 500C to 760C with a heat rate of 40C /min 
under a vacuum of 72cm/Hg. The second layer of body porcelain was applied to compensate of firing shrinkage and 
to build final total thickness of 1mm. Finally, the glaze layer was applied and fired. Porcelain application for all the 
specimens was performed by a single investigator.   
Table 1. The testing specimens and surface treatment methods 
Testing specimens Surface treatment  method 
Sandblasted  Ni-Cr  50țm Al203 
Sandblasted  Ni-Cr-Ti 50țm Al203 
Laser textured  Ni-Cr 
Laser textured  Ni-Cr-Ti 
Femtosecond laser  
Femtosecond laser 
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2.2. Testing of surface roughness and wettability 
 
Surface roughness measurements were obtained by using a surface roughness tester (Surfcorder, SE1700 
Kazakalab, Japan). Wettability value was evaluated on the non-treated, sandblasted and laser textured surface using 
a water contact angle goniometer(Kruss DAS100, Germany) in sessile drop mode with 5țL drops. 
 
2.3 . Testing of metal-ceramic bond strength 
 
Several different test methods for measurement of the metal-ceramic adherence were developed [14, 15]. The three 
point bending test [14] is a sensitive method for testing the quality of the metal-ceramic bonding. Therefore, this 
testing method used in this study. The specimens were subjected to a three-point bending test at crosshead speed of 
1.5 mm/min using a universal testing machine (Instron Corporation,  Norwood, MA) with the porcelain side 
opposite to the applied load. A compressive load was applied at the midpoint of the metal specimen with a rounded-
tip loading rod until a sudden drop in load occurred in the load deflection curve, indicating the bond failure. The 
failure load was recorded digitally with a computer using software. The bond strength (A) was calculated by the 
following equation given in ISO 9663. 
A = k x F (N/mm2) F: maximum force applied in Newton before debonding(failure load), k: a constant determined 
from a graph in ISO 9693 
 
 
2.4. Optical microscope and FE- SEM analysis 
  
Microstructures produced by the sandblasting and laser treatment were observed with an optical microscope and a 
field-emission scanning electron microscope (FE-SEM, Hitachi 4800, Japan). The specimens from each group were 
observed before and after surface treatment. After three point bonding test, failed surfaces of the metal-ceramic 
interface were observed under FE-SEM.    
 
3. Results and Discussion 
 
 
3.1. Surface roughness and wettability
 
Fig. 2. shows the FE-SEM images and optical microscopy of surface morphology. Fig. 2(a) is non-treated Ni-Cr, 
(b) is laser textured Ni-Cr, (c) is sandblasted Ni-Cr, (d) is non-treated Ni-Cr-Ti, (e) is laser textured Ni-Cr-Ti, and (f) 
is sandblasted Ni-Cr-Ti. The morphologies of casting alloys shown in Fig. 2 were through FE-SEM. In the Ni-Cr 
(Fig.2a) and Ni-Cr-Ti (Fig.2d) alloys, dendritic structures were appeared at matrix. Especially, Ȗ’-Ni2Cr second 
phase showed in 63Ni-16Cr alloy and Ni-13Cr-4Ti alloy showed the Ni3Ti phase in the matrix. These phases 
increased mechanical strength, but decreased corrosion resistance. Therefore, the control of casting morphology by 
casting process is the best method for good mechanical and chemical property by homogenization of dental casting 
alloy.  
For bonding strength of porcelain and casting alloy, sandblasting method has been used in dental laboratory, 
conventionally. Bonding strength of porcelain is very important to use the metal-ceramic prostheses for long time. 
Sandblasting treatment increases the bonding strength due to increasing the contact area between casting metal and 
porcelain. In this study, we use the femtosecond laser for bonding strength between casting metal and porcelain. 
Generally, common lasers can only produce the holes or pores over hundreds of micrometers, whereas, FS laser can 
create micropores or holes about several micrometers with high precision and without spatters around microhole. 
Fig. 2(b) and (e) show the FE-SEM image of laser texture surfaces on the Ni-Cr and Ni-Cr-Ti alloy. The laser 
textured Ni-Cr and Ni-Cr-Ti alloy show regular microholes about 20ห. Fig. 2(c) and (f) show the FE-SEM image 
Fig. 1. Specimen design (ISO 9693). A, top view. B, side view 
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of sanblasted surfaces on the Ni-Cr and Ni-Cr-Ti alloy. The specimen polishing with 0.3 um showed very smooth 
appearance as shown in Fig. 2(a), but for the surface treated with Al2O3 particle, even though there is no big 
difference depending on the composition of alloy, the surface roughness was changed with depending on the size of 
Al2O3 particle. The surface roughness increased greatly in the case of sandblasted samples. As the average surface 
roughness value (Ra : um), Table 2 is showing the values of Ni-Cr as 0.07 um and Ni-Cr-Ti as 0.05 um when 
polishing. On the other hand, when laser treated, the value is 0.10 um for Ni-Cr, and 0.06 um for Ni-Cr-Ti. Also, 
when sandblasting, 0.54 um for Ni-Cr and 0.49 um for Ni-Cr-Ti alloy. The surface roughness was increased 
significantly in the order of polished<laser<sandblasted surface. The roughness of sandblasting is significantly 
increased compared to the specimens with polishing treatment. This is because as each size of particles are collided 
with the surface, the appearance of particle leaves the mark on the surface, and at this time, it is not only affected by 
the size of particle, but also the particle injection pressure significantly. It is confirmed that bonding strength 
between porcelain and metal alloy increases due to increasing the contact area compared to polished samples. Also, 
the FS laser textured Ni-Cr and Ni-Cr-Ti specimens have higher value of Ra (average surface roughness) compared 
to polished samples. Especially, micropores will be play role in increasing the bonding strength. Therefore, the 
results of roughness test can be effect of interface bonding strength of between porcelain and metal alloy. 
Contact angle value of all of specimens was measured as an indication of surface wettability and surface bonding 
strength.  Increasing surface roughness has previously been shown to improve the wettability and reduce the contact 
angle value.  Fig. 3 shows the contact angle value of non treated, laser textured, and sandblasted Ni-Cr and Ni-Cr-Ti. 
Roughening the surface has previously been shown to improve the wettability and reduce the contact angle. In 
this study, Fig. 3 shows the contact angle values of alloys. The value of contact angle decreased significantly in the 
order of non-treated > laser> sandblasted surface. Ni-Cr-Ti alloy groups showed lower contact angle than Ni-Cr 
alloy groups. Fs laser textured and sand blasted Ni-Cr and Ni-Cr-Ti alloys showed lower contact angle < 60 ~ 80o. It 
means the high wettability, that is, good hydrophilic property and good adhesion, whereas, non-textured samples 
showed the low wettability, that is, hydrophobic property with high contact angle > 75~80o.  
 
 
Table  2. Average surface roughness (Ra) and contact angle 
 
Testing specimens Average surface roughness (ห)            Value of contact  angle  
Non-treated  Ni-Cr    0.07                                               85.58 
Laser textured  Ni-Cr 0.10                                               77.33 
Sandblasted Ni-Cr                                                 0.54                                              69.85 
Non-treated Ni-Cr-Ti                                            0.05                                               76.05                          
Laser textured Ni-Cr-Ti                                        0.06                                              70.50 
Sandblasted Ni-Cr-Ti                                            0.49                                              65.35 
3.2. Interfacial bonding strength  
The mean load at bond failure and bonding strength are presented in Table 3. Fig. 4 shows the load-displacement 
curves of samples after three point bending test. The one way ANOVA showed no significant difference (p>0.05) 
among the metal-ceramic bond strengths with the different surface treatments. Statistical analysis also showed that 
the specimens of Ni-Cr and Ni-Cr-Ti alloy showed no significant difference each other. While, the mean bonding 
strength was highest for the laser textured Ni-Cr metal-ceramic specimens, the bonding strength was not 
Fig. 3. Contact angle values: (a) non treated Ni-Cr ;(b) laser 
textured Ni-Cr; (c) sandblasted Ni-Cr ;(d)non treated Ni-Cr-
Ti; (e) laser texture Ni-Cr-Ti ; (f) sandblasted Ni-Cr-Ti 
Fig. 2. FE-SEM images of surface morphology (a) non
treated Ni-Cr ; (b) laser textured Ni-Cr ; (c) sandblasted Ni-
Cr ;(d) non treated Ni-Cr-Ti ;(e) laser textured Ni-Cr-Ti ;(f)
sandblasted Ni-Cr-Ti 
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significantly different (p>0.05) from that for the laser textured Ni-Cr-Ti metal-ceramic specimens. The interfacial 
bonding test shows that all metal-ceramic specimens prepared from cast Ni-Cr and Ni-Cr-Ti alloys exhibit a mixed 
mode of cohesive and adhesive failure. Figs 5-8 present representative FE-SEM of the failure surface of the metal-
ceramic specimens for sandblasted Ni-Cr, Ni-Cr-Ti, laser textured Ni-Cr, and Ni-Cr-Ti alloy groups, respectively. 
The remnants of porcelain on the metal surface are evident from these photographs.  
Table 3. Mean interfacial bonding strength between metal and porcelain  
Testing specimens Bonding load  (N)        Bonding strength (MPa)   
Laser textured Ni-Cr 38.245                               80.316* 
Sandblasted  Ni-Cr 36.529                               74.230 *  
Laser textured Ni-Cr-Ti                     37.673                               77.206* 
Sandblasted  Ni-Cr-Ti                        37.265                               76.393* 
* Mean value were not significantly different (P>0.05) 
     

 
3.3. Fractured surface 
 
 Sandblasting of dental restorations is often used to clean the surfaces of materials and to achieve both a micro 
retentive topography and increased surface area. It has been suggested the when using alumina for sandblasting, 
there are complex reactions on the alloy surface taking place, which consist of separation and accumulation of 
certain elements at the surface. Sandblasting has been applied routinely for years, has provided a uniform surface 
roughness. Some particles were existed in the metal surface, and then, contaminated the metal surface. These 
particles can be weakened the bonding strength between metal and porcelain. For this problem, we need the clean 
method for surface modification such as femtosecond laser method.  
Laser texturing is good process for improvement of this problem. In the Fig. 5 and 6, we cannot find out the some 
differences of fractured surface with alloying element. As it mentioned before, alloying elements can be affected on 
the strength of matrix. And it is possible to increase the bonding strength by formed oxide during sintering such as 
TiO2, NiO2, and Cr2O3.  The porcelain fracture at the metal oxide surface is a common type of failure in the base 
metal alloy system. In the titanium-porcelain system, all of the specimens exhibited metal oxide-metal oxide failures. 
Some researcher concluded that this type of fracture occurs through the metal oxide at the interface and results from 
an overproduction of oxide, causing a sandwich effect between metal and porcelain [16]. In our case, sandwich 
effects were not observed in fractured surface.  
In addition, it was stated that a roughened surface by laser texturing and oxides provides increased mechanical 
interlocking between metal and porcelain [17] as shown in Fig. 6 and 8.  
Fig. 5. FE-SEM images of failed surface of sandblasted 
Ni-Cr : (a)  lateral view;(b) magnification of (a) ;(c) metal
side ;(d) porcelain side 
Fig. 6. FE-SEM images of failed surface of laser textured
Ni-Cr : (a)  lateral view;(b) magnification of (a) ;(c) metal
side ;(d) porcelain side 
Fig. 4. The load versus displacement graph for three 
point bending test. 
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As we can see in Fig. 6(c) and (d), fractured surface showed the cohesive fractured surface due to microhole 
formed by laser texturing. It is thought that microhole can serve the path to penetration of porcelain when the build-
up working, it plays role to increase the bonding strength. Therefore, porcelain was fractured in transgranular than 
intergranular in the interface.  
 
4. Conclusions 
Ni-Cr and Ni-Cr-Ti alloys showed the dendritic structures with Ȗ’-Ni2Cr and Ni3Ti phase. The average surface 
roughness value (Ra : um) is 0.07 um for Ni-Cr, 0.05 um for Ni-Cr-Ti when polishing. Whereas, is 0.10 um for Ni-
Cr, and 0.06 um for Ni-Cr-Ti alloy when laser treated. Also, Ra is 0.54 um for Ni-Cr and 0.49 um for Ni-Cr-Ti alloy 
when sandblasting. Thus, the surface roughness was increased significantly in the order of 
polishing<laser<sandblasting. Fs laser textured and sand blasted Ni-Cr and Ni-Cr-Ti alloys showed lower contact 
angle < 60~80o, whereas, non-textured samples showed the low wettability, that is, hydrophobic property with high 
contact angle >75~80o. The bonding strength of sandblasted Ni-Cr-Ti alloy (76.3MPa) was higher than that of Ni-Cr 
alloy (74.2MPa) due to TiO2 oxides. In the case of laser texturing, it was similar value as sandblasting specimens 
due to fixation through the laser textured hole by porcelain. The porcelain was fractured in transgranular than 
intergranular in the interface.  
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Fig. 7. FE-SEM images of failed surface of sandblasted  
Ni-Cr -Ti: (a)  metal ; (b)  porcelain; (c) metal side; (d) 
porcelain side 
Fig. 8. FE-SEM images of failed surface of laser 
textured  Ni-Cr-Ti : (a)  metal; (b)  porcelain; (c) metal 
side ; (d) porcelain side 
